The habenulopeduncular pathway consists of the medial habenula (MHb), its output tract, the fasciculus retroflexus, and its principal target, the interpeduncular nucleus (IP). Several IP subnuclei have been described, but their specific projections and relationship to habenula inputs are not well understood. Here we have used viral, transgenic, and conventional anterograde and retrograde tract-tracing methods to better define the relationship between the dorsal and ventral MHb, the IP, and the secondary efferent targets of this system. Although prior studies have reported that the IP has ascending projections to ventral forebrain structures, we find that these projections originate almost entirely in the apical subnucleus, which may be more appropriately described as part of the median raphe system. The laterodorsal tegmental nucleus receives inhibitory inputs from the contralateral dorsolateral IP, and mainly excitatory inputs from the ipsilateral rostrolateral IP subnucleus. The midline central gray of the pons and nucleus incertus receive input from the rostral IP, which contains a mix of inhibitory and excitatory neurons, and the dorsomedial IP, which is exclusively inhibitory. The lateral central gray of the pons receives bilateral input from the lateral IP, which in turn receives bilateral input from the dorsal MHb. Taken together with prior studies of IP projections to the raphe, these results form an emerging map of the habenulopeduncular system that has significant implications for the proposed function of the IP in a variety of behaviors, including models of mood disorders and behavioral responses to nicotine.
| I N T R O D U C T I O N
The medial habenula (MHb) is an easily identified but poorly understood diencephalic nucleus, consisting of a dorsal subnucleus (dMHb) containing excitatory neurons that express the tachykinin peptides substance P (SP) and neurokinin B (NKB), and a ventral subnucleus (vMHb) that coexpresses glutamate and acetylcholine. MHb efferents are work has demonstrated a role for the dMHb in regulating voluntary wheel running and some behaviors related to mood or affect (Hsu, Morton, Guy, Wang, & Turner, 2016; Hsu et al., 2014) , and a role for the vMHb and/or IP as mediating behavioral responses to nicotine, including reinforcement, aversion and withdrawal (Antolin-Fontes, Ables, Gorlich, & Ibanez-Tallon, 2015; Harrington et al., 2016; Salas, Sturm, Boulter, & De Biasi, 2009; Zhao-Shea, Liu, Pang, Gardner, & Tapper, 2013; Zhao-Shea et al., 2015) . Recent work has also shown a role for presynpaptic vMHb CB1 receptors (Soria-Gomez et al., 2015) , and GABA-B receptors (Zhang et al., 2016) in the regulation of conditioned fear responses.
The vMHb/IP pathway is also of interest due to its expression of unusual acetylcholine receptor subunits, including the channel-forming a3 and b4 receptor subunits in the vMHb, and the "accessory" a5 receptor subunit expressed in the IP subnuclei that receive vMHb input (Hsu et al., 2013; Marks et al., 1992; Salas et al., 2003) . These nicotinic receptors are of special interest because the genes encoding the a5/ a3/b4 subunits are colocated in the mouse and human genomes, and in humans, alleles at this locus, including a functional variant in the a5 receptor, have been associated with smoking behavior (Berrettini & Doyle, 2012; Lassi et al., 2016) .
Despite this growing interest in the habenulopeduncular pathway, the second-order circuits downstream from the IP are poorly understood. It has been reported that the IP sends ascending projections to the hippocampus and septal nuclei and descending projections to the median raphe, dorsal raphe, and pontine dorsal tegmentum (Groenewegen, Ahlenius, Haber, Kowall, & Nauta, 1986; Shibata & Suzuki, 1984) , but it has not been determined which of these projections are from habenulo-recipient areas of the IP. Furthermore, little is known about the specific projections of the IP subnuclei that have been defined based on morphological criteria in the rat Hamill, Olschowka, Lenn, & Jacobowitz, 1984; , or about the neurotransmitter phenotypes of the IP neurons projecting to specific brainstem targets.
In prior work we have shown that a class of GABAergic projection neurons in the IPR, characterized by expression of the a5 acetylcholine receptor subunit (Chrna5), receive direct vMHb input and project to the median raphe/paramedian raphe (PMnR) and pontine dorsal raphe/ central gray (Hsu et al., 2013) . In the present study, we have used modern methods including viral anterograde tract tracing, conventional and viral retrograde tracing, and a variety of transgenic and neuropeptide markers for the neurotransmitter phenotype of IP neurons to define the habenulopeduncular circuitry for the remaining IP subnuclei. These approaches reveal the unappreciated complexity and several novel features of the efferent pathways of the IP, and have important implications for models of IP function.
| M E T H O D S

| Mice
Strains were kept on a C57BL/6 background (Charles River), and were 2-6 months of age at the time of the experiments. Both male and female mice were used for anatomical experiments. Cre driver lines used for anterograde tracing from the IP included: Drd3 ZsGreen reporter, and Ai14 (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Jax 007914), expressing a cytoplasmic tdTomato reporter, have been previously described (Madisen et al., 2010) . Ai75 (B6.Cg-Gt (ROSA)26Sortm75.1(CAG-tdTomato*)Hze/J, Jax 025106), expressing a tdTomato reporter with a nuclear localization signal, was generated by targeted recombination in mice in which the Rosa26 locus has been modified by targeted insertion of a construct containing the strong and ubiquitously active CAG promoter, a loxP-flanked stop cassette, an nls-tdTomato gene unit, a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) and a polyA signal, as described previously (Madisen et al., 2010) . The Ai75 targeting construct was transfected into the 129S6B6F1 hybrid ES cell line G4, and correctly targeted clones were identified by PCR and Southern blot screening, then injected into C57BL/6J blastocysts to obtain chimeras for eventual germline breeding. The resulting mice were crossed to the Rosa26-PhiC31 line (Jax 007743) to delete the PGK-Neo selection cassette through PhiC31-mediated recombination between the AttB and AttP recombinase sites in the germline of the mice. The Ai75 mouse line has been deposited to the Jackson Laboratory (Jax 025106), and is maintained in the congenic C57BL/6J background.
Gad2
IRES-Cre /Ai75 mice, expressing nuclear tdTomato in GABAergic neurons throughout the brain, were noted to have weight loss and hindlimb weakness beginning after 4 weeks of age (weaning), suggesting a deleterious effect of the widespread expression of nuclear tdTomato in GABAergic neurons. Placement of food pellets on the cage floor rather than an elevated food hopper allowed mice to overcome the hindlimb weakness and led to a restoration of normal body weight.
Comparison of tdTomato expression in Gad2
IRES-Cre /Ai75 mice with the expression of Gad2 mRNA in the IP did not suggest loss of IP GABAergic neurons in adult mice. Thus, this transgenic reporter is suitable for the anatomical identification of GABAergic neurons, but not for behavioral studies. Harris, Wook Oh, & Zeng, 2012; Oh et al., 2014) . Anterograde tracing cases were analyzed by serial two-photon tomography (Ragan et al., 2012) , using automated vibratome sectioning in the coronal plane, which allows the collection of 140 inherently prealigned images collected every 100 lm through the entire rostral-to-caudal extent of the mouse brain. The resolution in the plane of section was 0.35 lm. The Multi-photon image acquisition for the viral tract-tracing cases was accomplished using the TissueCyte 1000 system (TissueVision, Cambridge, MA) coupled with a Mai Tai HP DeepSee laser (Spectra Physics, Santa Clara, CA).
| Anterograde tracing
| Retrograde tracing and immunofluorescence
Conventional retrograde tract tracing was performed using a 0.5% solution of cholera toxin B subunit (CTB; List Biological Labs), injected using standard stereotaxic coordinates (Paxinos & Franklin, 2001 ).
Small focal injections were performed by iontophoresis using a pulled glass pipette, using published methods (Harris et al., 2012) . In brief, the pipette was positioned using a stereotaxic frame, and current was delivered with a Midgard Precision Current Source (Stoelting,Wood
Dale, IL) . The current was set to 3 lA, and was alternated for 7 s on and 7 s off for 5-10 min depending on the size of the structure labeled, followed by a 5-min rest period before the needle was retracted. Animals were fixed by 4% PFA perfusion after 6-14 days, equilibrated in graded sucrose solutions, frozen at 2808C in OCT solution, and cryosectioned at 25 lm for immunofluorescence. Viral retrograde tracing was performed using Cav2-Cre virus (Hnasko et al., 2006 , gift of Dr.
Larry Zweifel), combined with the transgenic reporter line Ai14, providing conditional expression of tdTomato, described above. Volumes of 100-500 nl were pressure injected using a Nanoject II Auto-Nanoliter
Injector (Drummond Scientific, Broomall, PA). A pulled glass pipette was backfilled with mineral oil and positioned on the injector. Viral solution was slowly aspirated within the pipette tip without introducing air bubbles and delivered at 27.6 nl every 15 s. Cav2-Cre injected mice were perfused after 3-4 weeks and processed for cryosectioning as for the CTB-injected cases. For confocal imaging of Cre-activated tdTomato fluorescence, sections were cut at 50 lm and antibody staining was performed in floating sections. A list of antibodies used to detect endogenous antigens and injected CTB appears in Table 1 . The antibodies to neuropeptides and enzymes in neurotransmitter synthesis pathways showed patterns of cellular staining consistent with in situ hybridization patterns for the corresponding genes. Antibodies to CTB showed no signal in the absence of injected CTB.
| R E S U L T S 3.1 | Overall strategy
In order to determine the specific projections of the IP subnuclei, we first examined a set of cases of AAV anterograde tracing generated as part of the Allen Mouse Brain Connectivity Atlas ( Strong IP innervation of the laterodorsal tegmental nucleus (LDTg) was observed in case IP-a1 and IP-a2, and was predominantly contralateral to the injected side (Figure 3a ,b). Few efferents from the IPL reached the LDTg (case IP-a3, Figure 3c ). IP-a1 and IP-a2 both showed dense innervation of the central pontine gray (CGPn), including the area that contains the nucleus incertus (NI, Figure 3d ,e). The interfascicular part of the dorsal raphe (DRI) was more strongly innervated in case IP-a1 than in IP-a2, suggesting that these fibers originate in IPR, which was strongly labeled in IP-a1 and relatively spared in IP-a2. In contrast, IP-a3 demonstrates that IPL projects to a very specific area of the CGPn, and has minimal fiber terminals in midline structures such as DRI ( Figure 3f ). None of the IP-labeled fibers projected into the central part of the dorsal tegmental nucleus (DTg, Figure 3d -f). The most caudal fibers projecting from the IP to the tegmentum were found in the 
| Retrograde tracing shows little evidence for rostral projections of habenula-recipient IP subnuclei
Based on the map of IP afferents established by anterograde tracing, we then used retrograde methods to confirm each of the target areas (Table 3) . Prior studies, performed in rats using classical methods of anterograde tracing, have reported rostrally projecting IP efferents to the subcortical telencephalon (Groenewegen et al., 1986; Shibata & Suzuki, 1984) . However, these studies mostly antedate the availability of systematic axial coordinate systems to assess the placement of the anterograde tracers within the IP, and did not determine whether the rostral projections originated in habenula-recipient areas. To assess for rostral IP projections, we first examined cases IP-a1 and IP-a2 for projections to rostral structures. For each case, we used digitally segmented views of the IP projections and superimposed them on a standard atlas (Paxinos & Franklin, 2001) , for instance as shown in Figure 5a . We observed afferent fibers in some subcortical areas, including areas of the hypothalamus, septum, and hippocampus.
However, the pattern of subcortical innervation let us to question whether the origin of the labeled fibers was within the IP, because the density of these projections did not correlate well with the extent of IP labeling, in that IP-a2 showed more rostrally projecting fibers than IPa1, yet was more restricted in IP expression. IP-a3 showed few projections to rostral locations. To determine the precise origin of the subcortical fibers, we used the rostral projections from IP-a2 as a guide, and injected the retrograde tracer CTB into each potentially IPrecipient area of the hippocampus, septum, and hypothalamus. Injections of CTB into the VTA in mice did not result in retrograde labeling of any IP subnucleus (data not shown), although retrograde labeling of the LHb, as expected, was robust (Quina et al., 2015) .
Having largely ruled out rostral projections of the habenulorecipient IP subnuclei, we examined several cases in which retrograde tracers were placed in caudal structures. As a guide to the injection sites, we used the anterograde case IP-a1, which gave the strongest fiber labeling in the raphe and tegmentum (Figure 3 ). Previously we have shown that neurons in IPR and IPC project prominently to midline structures in the tegmentum, including the MnR and caudal parts of the DR (Hsu et al., 2013) , and in the present study we emphasized the Ai14 encodes a strong cytoplasmic tdTomato reporter which effectively fills the cell soma and processes (Madisen et al., 2010) . Case
PnTg-r3 consisted of a small Cav2-Cre injection in the CGPn and NI (Figure 10a ). Confocal imaging of retrogradely labeled cells and their processes showed some cell bodies clearly within the dMHb-recipient area of IPL (Figure 10b,c) . However, neurons located just dorsal and lateral to the dMHb-recipient area frequently extended processes into the region with SP-expressing dMHb fibers (Figure 10e-h) . Some or all With the basic map of IP afferents and efferents in place, we next addressed the neurotransmitter phenotypes of the IP neurons within the subnuclei projecting to specific targets. The IP is predominantly GABAergic, and expression of mRNA for the GABAergic marker Gad1 is found in all IP subnuclei (Figure 11a) . However, the glutamatergic marker Slc17a6 and in the IPRL (Figure 11g ), a significant number of CTB-labeled neurons did not express tdTomato, suggesting that they were glutamatergic. Retrogradely labeled neurons in IPDM appeared uniformly GABAergic (Figure 11h,i) . Case PnTg-r6, injected unilaterally in the CGPn (Figure 11j ), strongly labeled IPDL, where only GABAergic retrogradely labeled neurons were identified (Figure 11k,l) .
In order to assess whether neurons not labeled by Gad2
Cre were in fact glutamatergic, we used an Slc17a6 Cre (Vglut2) driver line interbred with the reporter line Ai6 to mark all glutamatergic neurons in the IP (Methods). To specifically determine the projection targets of the glutamatergic neurons, retrograde tracing with CTB was then performed from the LDTg and the central part of the CGPn. Case PnTg-r7, injected in the LDTg (Figure 12a ), showed that the ipsilaterally projecting neurons in IPRL are predominantly glutamatergic, whilst contralaterally projecting IPDL neurons are negative for Slc17a6, confirming that they are entirely GABAergic (Figure 12b) . A very small number of cells in IPR were also labeled from this site (Figure 12c ). Adjacent sections were stained for Chat immunoreactivity, and demonstrate that the glutamatergic IP neurons projecting from IPRL to the LDTg are within the area that receives afferents from vMHb (Figure 12d ,e). Case
PnTg-r8, injected in the CGPn, near the midline (Figure 12f ), labeled Glutamatergic neurons can also express Slc17a7 (Vglut1), but this is predominantly expressed in neocortical structures, and Slc17a7 mRNA was not detectable in the IP (data not shown). Recent work has
shown that a third more distantly related transporter, Slc17a8 (Vglut3) can also package glutamate for synaptic release (Liu et al., 2014) . A small number of cells expressing Slc18a8 mRNA can be found within IPR (Figure 13a,b) . These cells become more numerous near the caudal (Figure 13b,f) . In sections stained for SPexpressing fibers originating the the dMHb, occasional Slc17a8 neurons appeared within the habenulorecipient area (Figure 13g,h ), but again most of the labeled cells appeared to reside just caudal to the region receiving habenula input Figure 13i ). Because Slc17a8 has been associated with serotonergic neurons, we examined the central ( Figure   13j ) and caudal ( Figure 13K ) IP for co-localization of the fluorescent reporter and Tph2. Near the midline Slc17a8 neurons frequently coexpressed Tph2. Although this area might anatomically be assigned to IPA in prior work, it is probably better assigned to MnR. Away from the midline, numerous Slc17a8 neurons at the caudal limit of the IP ( Figure   13c ,f,i,k) appear to be associated with other brain regions such as PnO, not the IP. We conclude that Slc17a8-expressing neurons represent a very small subset of potentially glutamatergic neurons in the habenulorecipient areas of the IP. They may or may not be unique with respect to the Slc17a6-expressing population, but are far less numerous.
The IP also contains a subset of somatostatin (SST) expressing neurons. Previously it has been shown that these neurons coexpress mRNA for the Chrna5 nicotinic receptor subunit (Hsu et al., 2013) . In 
| DISCUSSION
The present study addresses three limitations of past studies of the organization of the IP subnuclei in the habenulopeduncular pathway.
First, we have placed the retrogradely labeled neurons in each of the IP subnuclei in the context of their relationship to specific afferents from the dMHb and vMHb, marked by SP and ChAT respectively, thus defining the second-order targets of the MHb subnuclei (Figure 15a ).
The MHb map onto the IP can be further refined by considering the projections of populations of vMHb neurons that express specific nicotinic receptor subunits, particularly those expressing the Chrna4 subunit, found mainly in the lateral MHb and projecting to the caudal IP, and those expressing the Chrnb3 subunit, preferentially expressed in the medial MHb and projecting to the rostral IP (Shih et al., 2014) . Specific expression in parts of the habenulopeduncular pathway is also observed for the mu opioid receptor (Gardon et al., 2014) , and the projections of habenula neurons expressing "orphan" receptor Gpr151 
| Ascending projections
The existing literature is somewhat unclear regarding ascending projections of the IP. The anterograde tracing studies described here (IP-a1 to a3) labeled some ascending projections, but to a variable degree, and in all of these cases the viral tracer spread to some areas adjacent to the IP. In contrast, our initial results for anterograde tracing of IP projections using specific Cre drivers yielded exclusively descending projections (Hsu et al., 2013) . Previous studies in the rat have identified projections from the IP to several areas of the ventral forebrain. In one such study, anterograde tracing from the IPA, the most caudal IP subnucleus, produced labeling in the hippocampus, medial septum, diagonal band, and mediodorsal thalamus (Groenewegen et al., 1986) . In two prior studies, the neurons projecting from IPA to the hippocampus were specifically described as serotonergic, although this did not lead the authors to reassign these neurons to the raphe (Montone, Fass, & Hamill, 1988; Wirtshafter, Asin, & Lorens, 1986) .
Previous work has also reported retrograde tracing of projections from the IP to the medial septum, lateral septum, and vertical limb of diagonal band (Vertes, 1988; Vertes & Fass, 1988) . These studies Projections of the IPR to midline structures have been previously described (Hsu et al., 2013) , and are omitted for clarity. Areas receiving cholinergic vMHb fibers are depicted in green, and areas receiving peptidergic dMHb fibers in red. Uncolored areas do not appear to receive a strong input from either of these MHb neuron populations. The projection from IPRL is predominantly glutamatergic. IPR also contains some glutamatergic projection neurons (not shown). The projections of the habenulo-recipient IP subnuclei are otherwise GABAergic. Fibers from unilateral injections of the IP appear to decussate at the level of MnR (case IP-a1, IP-a2) except for fibers originating in IPL, which decussate more caudally (case IP-a3). However, the specific course of the fibers of passage and the location of midline crossings have not been precisely determined for all of the subnuclei [Color figure can be viewed at wileyonlinelibrary.com]
Anterograde tracing of IP efferents in the present work, as well as in a past study (Groenewegen et al., 1986) , has also identified ascending projections to the LH and LPO. However, retrograde tracing from LH/LPO (Figure 7 ), demonstrates that these projections originate not from the IP but from the nearby paranigral nucleus, part of the tegmental dopamine system. No LH/LPO projecting neurons were observed within the habenulo-recipient areas of the IP. Thus, taken together, our examination of the IP efferent system reveals few if any ascending projections that would be candidates for a direct habenulopeduncular output to the ventral forebrain. The ascending projections of the "IP" that have been previously identified may be better described as part of the ascending 5-HT and DA systems.
4.2 | Descending IP projections to the pontine tegmentum: specificity, lateralization, and "sign" of the circuit output
In previous work, we have focused on Chrna5-expressing IP neurons in IPR that project to midline structures including the MnR/PMnR and the DRC/DRI (Hsu et al., 2013) . In the present study, we have completed the picture of IP efferent pathways with a focus on the lateral IP subnuclei including IPDL and IPL, which contain few Chrna5-expressing neurons, and project to tegmental structures away from the midline (Figure 14b ). One previously unappreciated aspect of the IP circuitry, revealed here, is that the projections from the IP to LDTg originate from discrete IP subnuclei, and are highly lateralized. The LDTg receives a strong mainly ipsilateral projection from the IPRL, lying between the IPR and paranigral nucleus. This area is clearly distinct in its connectivity from the main body of IPR, although like the IPR, it receives cholinergic input from the vMHb. Of all the IP nuclei, the IPRL is richest in excitatory neurons and relatively poorest in inhibitory neurons, and the projection from IPRL to LDTg is predominantly glutamatergic. In contrast, the LDTg receives a predominantly contralateral projection from the IPDL, and these neurons are entirely GABAergic.
Although the IPRL is not identified in standard atlases (Paxinos & Franklin, 2001) , it may correspond to a group of cells closely associated with the fasciculus retroflexus, identified as the "interstitial subnucleus"
of the IP in the rat . Although the projections of IPRL have not been described, the contralateral IPDL > LDTg projection shown here is consistent with a prior study in the rat (Shibata & Suzuki, 1984) . Although it is yet not known whether the ipsilateral, excitatory IPRL > LDTg and the contralateral, inhibitory IPDL > LDTg pathways converge on the same postsynaptic neurons, this arrangement immediately suggests the enhancement of a lateralized signal to this region, in that a signal originating in the right IP will send a "go" signal to the right LDTg, and a coordinated "stop" signal to the left LDTg. IP recordings in these studies were not assigned to specific subnuclei.
Lesions of the IP may also impact a known limbic circuit activated by head direction (Bassett & Taube, 2001; Clark & Taube, 2012) . Reciprocal connections between the lateral mammillary nucleus (LM) and the DTg make up the core of this circuitry, which connects in turn to the anterior dorsal thalamic nucleus (AD). Lesions of the IP in rats disrupt the normal firing properties of head direction cells in the AD and result in navigational deficits (Clark, Sarma, & Taube, 2009; . Lesions in these studies were not assigned to an IP subnucleus, but probably spanned multiple subnuclei. IP input to the DTg has been suggested as an entry point to the head direction circuitry that may explain these results. However, the DTg proper actually receives few direct inputs from the IP (Figure 3d ,e), such that IP inputs to the pontine tegmentum have almost no anatomical overlap with afferent fibers from the LM, which densely populate the core of the DTg (Allen Connectivity Atlas, http://connectivity.brain-map.org/projection/experiment/ivt?id 5 293368154&popup 5 true). Instead, IP fibers terminate in adjacent areas including the LDTg, NI, DRI, and the surrounding poorly defined CGPn. Past anterograde tract tracing studies in the rat IP are consistent with these findings (Groenewegen et al., 1986) , and prior retrograde tracing studies have not had sufficient resolution to distinguish the DTg from surrounding structures (Huitinga, Van Dijk, & Groenewegen, 1985) . The IP efferent pathways described here may help to better understand the role of the IP in movement velocity and how lesions of the IP disrupt the sense of head direction and conveyed to the thalamus.
It is possible that the anatomical arrangement of the habenulopeduncular pathway described here and in prior studies may allow lateralized signals to be conveyed through the entire circuit from the MHb to secondary targets in the pontine tegmentum. Cholinergic fibers from the vMHb "crisscross" the IP in a way that seems likely to obliterate the hemispheric source of the habenula input. However, vMHb fibers that enter the IP at the terminus of the fasciculus retroflexus decussate in the IPR to innervate the contralateral IPDL (Figure 4b ), which in turn projects to the opposite LDTg (Figure 8e ,f,j), ipsilateral to the original MHb input. Lateralized MHb afferents have also been observed in the IPC, where EM studies have shown that habenula fibers make a distinctive "S" type synapse, but do so preferentially on the ipsilateral side (Hamill & Lenn, 1983 . The mechanism for this is unclear, since the MHb afferents also traverse the contralateral IPC. Maintaining the lateralization of the MHb signal throughout the habenulo-pedunculartegmental pathway would allow this circuit to convey information about laterality when it is salient, such as in directional motion, in addition to information regarding motivational state, which may not be lateralized.
| Function of the dMHb-IPL pathway
Here we have described for the first time the specific secondary efferent pathway of the peptidergic dMHb. Early studies demonstrated the specific peptidergic projection of the dMHb to the IPL (Kawaja, Flumerfelt, Hunt, & Hrycyshyn, 1991) , but the secondary targets and function of this pathway are largely obscure. In the mouse, dMHb fibers undergo a caudal decussation such that each dMHb hemisphere innervates the IPL bilaterally. Anterograde labeling indicates that the IPL projects to a region of the CGPn, lateral to the nucleus incertus and medial to the locus coeruleus, for which no specific function may yet have been assigned. The IPL is a cell-poor region, but retrograde viral activation of a genetic reporter demonstrates that neurons surrounding the peptidergic dMHb terminals in this area have processes that extend into the habenulo-recipient area, and that the IPL efferents are bilateral. Recent work has shown that mice with genetic ablations of the dMHb show profound defects in voluntary wheel running and changes in some but not all rodent models of mood state (Hsu et al., 2014 (Hsu et al., , 2016 . Thus the IPL efferent pathway may mediate a key link between activity and mood, and merits further investigation.
| Descending IP projections to the raphe and the behavioral effects of nicotine
Much of the interest in the habenulopeduncular system is driven by its role in mediating nicotine addiction and withdrawal Velasquez, Molfese, & Salas, 2014) , and the present study should provide a firmer basis for understanding the circuitry underlying these effects. The habenulopeduncular circuit with the most obvious relevance is that of the vMHb to the IP subnuclei other than IPL and IPA. The vMHb is a principally glutamatergic nucleus that uses acetylcholine as a co-transmitter (Hsu et al., 2013; Ren et al., 2011) , and is itself rich in nicotinic receptors (Quina, Wang, Ng, & Turner, 2009; Shih et al., 2014) . Infusion of nicotinic antagonists into the IP precipitates somatic signs of withdrawal in nicotine-dependent mice (Salas et al., 2009 ). Precipitated nicotine withdrawal induces c-fos expression in the IP, and glutamatergic input to the IP, probably from the MHb, is necessary for the withdrawal effects (Zhao-Shea et al., 2013) . Because the IP strongly expresses the Chrna5 subunit, it is tempting to invoke it in withdrawal mechanisms, but mice lacking Chrna5 still exhibit withdrawal symptoms (Jackson, Sanjakdar, Muldoon, McIntosh, & Damaj, 2013) . Several brain regions are probably involved in mediating the effects of Chrna5 on diverse nicotine-related behaviors (Bailey, De Biasi, Fletcher, & Lambe, 2010; Beiranvand et al., 2014; Besson et al., 2016; Exley, McIntosh, Marks, Maskos, & Cragg, 2012; Fowler, Tuesta, & Kenny, 2013; Morel et al., 2014) .
As a potential mechanism for the IP effects on nicotine withdrawal, it has been proposed that the SST-expressing neurons in IPR are local interneurons that act presynaptically upon MHb terminals in the IP to modulate glutamate release in the IP (Zhao-Shea et al., 2013) . Here we show instead that SST-expressing IP neurons are GABAergic projection neurons that terminate in the raphe, similar to the neighboring SSTnegative neurons in IPR and IPDM. The SST-expressing neurons are a subset of the Chrna5-expressing GABAergic neurons in the IP, which receive direct vMHb input, and are part of the IP output circuit to the tegmental and pontine raphe (Hsu et al., 2013) . Although this does not exclude that these neurons could have a recurrent axonal branch that terminates presynaptically on MHb fibers, no evidence is available for a connection of this kind. The SST-expressing neurons also occupy a small domain in caudal IPR, and are excluded from most of the habenulo-recipient areas of IPR and IPC, which does not suggest a general role in modulating MHb inputs. It has also been reported that SSTexpressing IP neurons "predominantly express Gad1" and not Gad2, and thus that optogenetic experiments using a Gad2 Cre driver are selective for Gad2-expressing projection neurons within the IP, sparing the activation of SST-expressing neurons (Zhao-Shea et al., 2013) .
However, our results clearly show that the SST-expressing neurons also express Gad2 (Figure 13b) , and thus that SST-expressing cells in the IPR cannot be distinguished based in Gad isoform expression.
Instead, the Gad2-negative cells in the IPR are glutamatergic neurons that project to midline structures in the mesencephalic and pontine tegmentum.
